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SOME REYNOLDS NUMBER PHENOMENA IN A TURBOJET COMPRESSOR

By Harold R. Kaufman

SUMMARY

An investigation was conducted with a compressor of a current turbo-
Jjet engine to determine the effects of Reynolds number variastions on
some boundary-layer phenomena. The compressor was instrumented to obtaln’
first-stage and over-all compressor performance. Also, instrumentation
was Installed at the mldspan position on the inlet guide vanes and first-
stage stators to measure the boundary-layer profiles and suction-surface
velocity distributions. The range of first-rotor Reynolds number lnves-
tigated was from about 3x10% to 4x10°. For the compressor investigated,
this range of Reynolds number corresponded to an altitude range from
about 35,000 to 85,000 feet at a Fflight Mach number of 0.8.

At low Reynolds numbers, laminar separation regions were found on
the inlet gulde vanes. The use of boundary-layer trippers on the inlet
guide vanes greatly reduced or eliminated these leminar separation re-
gions and increased the over-all compressor efficiency and airflow 1 to
2 percent at low Reynolds numbers. At high Reynolds numbers, the use of
inlet-gulde-vane trippers resulted in about a l-percent drop in compres-
sor efficiency and no change in airflow.

The midspan flow on the first stator was essentially turbulent et
21l Reynolds numbers, probebly because of the high turbulence level with-
in the compressor. The use of boundary-leyer trippers on all compressor
blades therefore does not appear promising.

The losses of the complete compressor vary Ilnversely as about the
one-fifth power of Reynolds number, which is In agreement with turbulent
boundary-layer theory. Thus, with the exception of the first one or two
blade rows, the losses within a compressor apparently come from turbulent-
boundary-layer phenomena. However, further knowledge of compressor
losses, particularly in the hub and tip reglons, is needed before this
conclusion can be put on a rigorous basis.

INTRODUCTION

Although it 1s generally accepted that the boundary layer is respon-
sible for Reynolds number effects on compressor performance, the actual
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boundary-layer phenomena are not clear. From the Reynolds number range
in which turbojet compressors operate, laminar separation and turbulent
reattachment has been suspected as the cause of Reynolds number effects.
On the other hand, the turbulence level is high within a compressor,
which should reduce the extent of laminar flow and the possibility of
laminar separation. An investigation wes conducted to determine the ef-
fect of compressor Reynolds number varliations on some boundary-leyer phe-
nomens., particularly laminar separation regions, and the role they play
in Reynolde number effects.

The compressor used in the investigation was instrumented to obtain
first-stage and over-all compressor performence. Also, instrumentation
was installed at the midspan position on the irlet guide vanes and first=
stage stators to measure the boundary-layer profiles and suctlion-surface
veloclty distributions. In an attempt to improve the flow through the
inlet gulde vanes, boundary-layer trippers were installed for part of the
investigation.

An inherent limitation to the data should be polnted out. All
boundary-layer asnd suction surface instrumentation was installed at about
the midspan position. Hence, the flow phenomena observed do not repre-
sent & complete and conclusive plcture of three-dimensionsl losses in a
compressor . Ta

To avold off-design problems (which are beyond the scope of this
report) the investigation was restricted to rated corrected engine speed
and rated compresscr pressure Yatio. The range of Reynolds number (based

on the chord at the tip of the first rotor)_y§§_fx0m about 3X104 to

4x105. For the-compressor investigated, this range of Reynolds number
corresponded to an altitude range from gbout 35,000 to 85,000 feet at a
flight Mach number of 0.8.

Investigations of the effects of Reynolds number on alrfoll boundary
layers have, in the past, been restricted almost entirely to lsolated
airfolls. The presentation herein therefore contains comparisons to 1so-
lated alrfoll experience. A short summary of Reynolds number effects on
isolated ailrfolils is included to aid in these comparisons.

SYMBOLS
c chord
Ay
B boundary-layer form factor, & /g
K constant
n Reynclds number exponent
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velocity

suction-surface velocity {outside of boundary layer)
meximum suctlion-surface velocity

velocity outside of boundary layer

velocity upstream-of blade row

velocity downstream of blade row

mean velocity fluctuation

welght flow

distance from leading edge

distance from blade surface

ratio of compressor-inlet total pressure to NACA standard sea-
level pressure of 2116 Ib/sq ft or 29.92 in. Hg abs

boundary-layer thickness (to point where velocity is 99 percent
of free-stream value)

A [--]
boundary-layer displacement thickness, &% =~/~ (1 - %%)dy (den-
0
sity assumed constant)
adiasbatic compressor efficlency

ratio of compressor-inlet total temperature to NACA standard
sea-level temperature of 518.7° R

A o
boundary-layer momentum thickness, 6 i![\ %L-(l - %%)dy (density
o}
0]

assumed constant)
absolute viscosity

density
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APPARATUS AND PROCEDURE
Apparatus

Compressor. - A 13-stage axial-flow turbojet compressor was used
for the investigetion. The rated pressure ratio was sbout 6.9. The
midspan chord lengths of the inlet guide veanes, first rotor, and first
stator (after the first rotor) were 1.25, 2.0, and 1.4 inches.

Instrumentation. - Conventionel pressure and temperature instrumen-
tation was installed at the inlet and outlet of the compressor to deter-
mine over-all compressor performance. Pressure and temperature measure-
ments were also made after the first rotor to permit calculation of
first=stage performance.

Boundery-layer total-pressure surveys were made near the trailing
edges of the inlet gulde vanes and first stators at about the midspan
position. Although thils instrumentation is shown only for the inlet—
guilde vanes in figures 1 and 2, the lnstrumentation was simllar for the
first stator. The static-pressure distribution on the suction surfaces
of these two blade rows was also measured at the midspan position (fig.

2).

The plane of the boundary-layer survey was slightly upstream of the
treiling edges (at about the 8l-percent=chord position) to avoid the ef=
fects of radial flow. Experlience hes shown that radial flow of the low-
energy boundary layer often occurs downstream of a blade row. On a blade
surface, however, the boundary-layer shear forces generally prevent any
large radial components of veloclty.

Boundary-layer trippers. - The tripper configuration used in this
investigation was a spanwise wire located on the suction surface nesr the
leading edge and was developed in a separsate investigation in a low-
velocity duct with only a portion of the inlet-guide-vane annular cascade.
The tripper wires were optimized in dismeter and chordwise position at
three radli to give the smallest suction-surface displacement thickness
at the minimumm Reynolds number of the complete compressor investigation.
The optimum configuration was wlthout & wire on the one-third of the span
closest to the hub, had a wire diameter-to-chord ratio of 0.015 on the
middle third, snd a ratio of 0.022 on the outer third. The optimum posi-
tion of the wires was Just behind the plane of the leading edges. These
tripper wires can be seen in figures 1 and 2. The trippers (copper wire)
were soldered to the steel inlet guide vanes.

Although the duct test was run at sea-level density with very low
velocities to simulate the desired Reynolds number, excellent agreement
of boundary-layer profiles was obtained with the over-all compressor
tests (both with and without trippers), indicating that the cowbined ef-
fects of different free-stream Mach numbers and turbulence levels were
gmall. The duct investigation was conducted for the sole purpose of

cIEY
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developing a practical tripper configuration. ~Hence, no data from the
duct lnvestigation are shown in the present report.

Procedure

The compressor performance was obtained with the compressor operat-
ing as an integral component of a current 8000-pound-thrust-class turbo-
jet engine. The engine was instelled in the 20-foot-diameter test sec-
tion of the Lewls altlitude wind tunnel. The performance was obtained at
rated corrected speed over a range of exhaust-gas temperatures for each
of several flight conditions. Variation of exhaust-gas tempersature pro-
vided date over a range of compressor pressure ratios so that compressor
performence could be determined precisely for rated pressure ratio.

Calculatlions of boundary-leyer velocity and suction-surface velocity
(just outside the boundary layer) were made with the usual assumption of
no static-pressure gradient normel to the wall in the boundary layer.

The free-streem value of density wes also essumed to exist throughout
the boundary layer. The maximum free-stream Mach number for boundary-
layer measurements was about 0.6, so the assumption of constant density
should be reasonably exact. '

SUMMARY OF REYNOLDS NUMBER EFFECTS ON ISOLATED ATRFOILS

The effects of Reynolds number on airfolls are best known through
investigations wlth isolated airfolls. A summery of Reynolds number ef-
fects on isolated airfoils is therefore included to &id in the inter-
pretation of compressor boundery-layer phenomena. The pressure gradients
and boundary-layer changes are greatest on the suction surface of an air-
foil. The review, therefore, will be restricted to the suction surface
although it should be kept in mind that the same phenomena exist to a
lesser degree on the pressure surface.

Laminar Separation

An idealized variation of boundary-layer thickness (defined as the
distance from the airfoll surface to the point where the local velocity
is 99 percent of the free-gtream velocity) with Reynolds number is shown
in figure 3. The flow 1s completely leminar in the lowest Reynolds num-
ber region shown. Because & laminar boundary layer separates rapidly in
the presence of an adverse pressure gradlent, a large separated region
exists from approximately the maximum velocity point to downstream of the
trailing edge. Although the thickness of the laminar boundary layer up-
stream of the separation point varies appreclably with Reynolds number,
the thickness of the separation region does not. Hence, at the treiling
edge the total boundary-layer thickness varies only slightly with Reymolds

number.
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Laminar Separatlion and Turbulent Reattachment

In the next to the lowest Reynolds number range (fig. 3) laminar
separatlon also occurs, but transition to turbulent flow tekes place in
the separated boundery layer. The transition to turbulent flow is fol-
lowved by reattachment to the suction surface. The thickness of the re-
attached turbulent boundary layer is related directly to the height of
the separation region so that the-presence of a large laminar separation
region is undesirsble. Reductions in drag cen be accomplished by using
boundary-layer trippers to cause transition to turbulent flow before lam-
inar separstion can take place. This range of Reynolds number is typical
of compressor blades operating at sltlitude conditions; however, 1t will
be shown subsequently that factors other than Reynolds number must be

considered for flow in compressors.

Transition Before Separation

The next highest Reynolds number range ls characterized by transi-
tilon from leminar to turbulent flow taking place before significant lam-
inar separation can occur. Beceause laminar separation is not—1involved
and laminar skin-Ffriction coefficients are smaller tharn turbulent ones,
laminar flow is desirable in this range. The usual methods of preserving
laminar flow are to provide a smooth surface on the asirfoil and to shape
the airfoll so that a favorable pressure gradient exists over much of 1ts
surface. This Reynolds number range is typlcal of many airplane wings.

Turbulent Flow Governed by Surface Roughness

If Reynolds number 1s increased indefinitely, surface roughness be-
comes important. In the highest range shown in figure 3, the flow is
predominantly turbulent and governed by surface roughness. When the sur-
face roughness extends through the laminar sublayer of the turbulent
boundary layer, the boundary-layer thickness becomes 1ndependent of
Reynolds number. In this range the drag cen be reduced only by reducing
the surface roughness. Airplane wings that are constructed with many
protruding rivet heads are representatlive of this range. Because compres-
sor blades have small physical dimensions, the relative roughness of dirt
deposits and poor surface finish can be quite large. Similar effects of
roughneseg on compressor blades might therefore be expected at lower
Reynolds numbers than with airplane wings. _

RESULTS AND DISCUSSION

The Reynolds number effects on the over-all compressor are shown in
figure 4. As the first-rotor +tip Reyrolds number was lowered from about

Siad
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4Xl05 to 3X104, the efficiency decreased from 0.80 to 0.69 and the cor-
rected airflow decreased 10 percent.

Inlet Guide Vanes

It became apparent esrly in the investigetlion that laminar separa-
tion was taking place on the inlet gulde vanes, hence the investigation
was extended to include boundary-layer trippers. To facilitate compari-
son of performance with and without trippers, the results with both
inlet-guide-vane configurations are presented simultaneously. '

Boundary-layer profiles. - The boundary-layer instrumentation was
identical for both the suction and pressure surfaces. Becsuse practical-
ly all the pressure-surface boundary layer was between the innermost
pressure probe and the blade surface, the data presentation is restricted
to the suction surface.

The boundary-layer veloclty profiles for the suction surface are
shown in figure 5. The boundary-layer velocity and the distance from the
blade surface were nondimensionalized; that is, the boundary-layer veloc-
ity was divided by free-stream velocity, and the distance from the surface
was divided by the chord length. For comparison of the inlet-gulide-vane
performance to the over-all compressor performance of figure 4, the
inlet-guide~-vane Reynolds number should be multiplied by three to obtain
the approximete first-rotor Reynolds number.

Without tripper wires (fig. 5(a)) the suction-surface boundary layer
exhibits extreme changes for the range of Reynolds numbers shown. The
shape of the profile at the lowest Reynolds number, with reversed flow
probably occurring near the blade surface, indicates separated flow.

With tripper wires (fig. 5(b)) the flow appears attached at all
Reynolds numbers. It is evident, however, that the improvement at low
Reynolds numbers has been offset by boundary-layer thickening at high
Reynolds numbers. Perhaps a more efficient trlpper design would reduce
this compensating effect.

Suction-surface velocity distribution. - The suction-surface veloc-

ity distributions for the inlet gulde vanes are shown in figures 6 and 7.

The suction-surface velocity, of course, 1s the free-stream velocity Jjust
outside the boundary layer on the suction surface.

Without trippers (fig. 8) a large difference exists between the high
and low Reynolds number distribution. At the hlgh Reynolds number, a
conventional profile is obtained. At the low Reynolds number, however,
a large constant-pressure, constant-velocity region is found. This flat
spot results from the inability of the separated laminasr boundary layer
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to withstand diffusion, hence the pressure and veloclty just outside

the boundary layer remain constant. The large extent of the lsminar
separation region at a Reynolds number of sabout 1x10% (fig. 6(b)) agrees
with the separated boundary-layer profile of figure S(a) for about the
same Reynolds number. Leminar separation regions were also obtained at—
intermediate Reynolds numbers but, as a result of turbulent reattachment,
were much less exbtensive.

With the tripper wires (fig. 7) the difference between the high and
low Reynolds number velocity distributions is much smaller. The use of
tripper wires greatly reduces or elimlnetes the laminar separation region.

The difference between the two high Reynolds number distributions
(figs. 6(a) and 7(a)) is attributed to the presence of the tripper wire,
which would modify the velocity distribution.

Thus, in exsmining the flow on the inlet gulde vanes, substantial
agreement with isolated alrfoll experience has been found. Without trip-
pers, laminar separation and turbulent reattachment was found on the
inlet gulde vanes with completely separated flow at the lowest Reynolds
number investligated. The use of trippers greatly reduced or eliminated
laminar separation at low Reynolds numbers but increased the boundary-
layer thickness slightly at high Reynolds numbers. The presence of lam-
inar separation on inlet guide vanes and its prevention with tripper
wires has been substantliated by unpublished data for other compressors.

Effect of inlet-gulde—vane trippers on compressor. performance. -
The effect of inlet-guide-vane trippers on compressor performance is
gshowvn in figure 8. The first-stage efficlency, over-all efficiency, and
corrected airflow are plotted agalnst first-rotor Reynolds number for
ocperation both with and without tripper wires. From the performance
standpoint it was convenient to group the first rotor with the inlet
guide vanes to obtaln first-stage performance. Whether or not laminar
geparation occurs on the filrst-rotor blades is not known as there was no
instrumentation on these blades. Since the first-stage pressure and tem-
perature rise are small, the efficiency (fig. 8(a)) has considerable
scatter. However, it is evident that the trippers improved the efficlen-
cy of the first steage at low Reynolds numbers.

Because the first stage contributes ~nly a small portion of the
total work, the effect of trippers on the over-all compressor efficiency
is much smaller (fig. B(b)). At low Reynolds numbers the over-all effi-
clency is about 1 or 2 percent higher with the trippers, but at high
Reynolds numbers & decrease of about 1 percent was observed. The de-
crease at high Reynolds numbers 1s probably the result of the thicker
inlet~guide—vane boundary layer with trippers ss was shown in figure 5(b).
The airflow (fig. 8(c)) was increased sbout 1 or 2 percent at low Reynolds
numbers by the use of trippers and was unchanged at high Reynolds numbers.
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Effect of Turbulence

Before examining the first-stator data the difference in turbulence
level should be considered. Wlthin the compressor & high level of tur-
bulence exists. It 1s well known that the veloclties in the blade wakes
at the entrance to the next blade row are 20 to 30 percent lower than
free-stream velocities. The wakes therefore represent a high turbulence
level for the next blade row. The data of figure 9, which show an order
of magnitude for the effect of turbulence, were obtained from reference
1 and are for transition on a flat plate.

For simpliclty, the tramsition from laminar to turbulent flow is
often considered to teke place at a single point. As shown in figure 9,
however, the actual transition occurs over a finite length. At low tur-
bulence levels (below about 0.l percent) the location of transition is
independent of turbulence level. TIn this range the natural instability
of the laminar boundary leyer is sufficient to cause transition to tur-
bulent flow. At higher turbulence levels, however, an increase in tur-
bulence 1s accompanied by a decrease in transition Reynolds number. The
datea stop far short of the possible 20- or 30-percent turbulence level
of a compressor. The wekes represent highly nonisotropic turbulence, so
direct numerical comparisons to the effects of isotropic turbulence shown
in figure 9 cannot be made. However, the trend indicates that a first-
order effect of turbulence can be expected within the compressor.

The turbulence level of the flow shead of the inlet guide vanes was
not measured, but a settling chamber with screens followed by flow con-
traction was used shead of thé engine. Hence, a turbulence level of the
order of 1 percent might be expected.

Pirst Stator

Boundary-layer profiles . - Unllke the inlet—guide-vane profiles, the
pressure-surface boundary layer of the first stator extended well beyond
the innermost probe, so profiles are presented for both suction and pres-
sure surfaces 1In figure 10. The equivalent first-rotor Reynolds numbers
can be obtained by multiplying the first-stator Reynolds numbers by two.

The coordinates of figure 10 are the same as tThose used for figure
5, velocity divided by free-stream veloclty and distance from blade sur-
face divided by chord length. The thicknesses of both the suction- and
pressure-surface boundary leyers increased with decreesing Reynolds num-
ber, but the greatest change was obtained on the suction surfece. Al-
though the boundary layer becomes quite thick on the suction surface at
low Reynoldes numbers, 1t does not appear separated.

The suction-surface boundary layers at the two lowest Reynolds num-
bers extend over enough instrumentation so that the complete boundary-
layer profiles were approximeted. From these boundary-layer profiles
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A A
the displacement thickness &%, the momentum thickness 8, and the form
A
factor H (H = %*/6) were calculated.

The value of the form factor H was about 2.0 for the two lowest
Reynolds number profiles offigure 10(b)}. These profiles were plotted
in figure 11 together with a typical turbulent profile for H = 2.0 from
reference 2. In figure 11 the abscilssa was nondimenslionalized by divid-

ing by the momentum thickness 6. As can be seen, the agreement between
the data and the turbulent profille is excellent, indicating essentially
turbulent flow on the first stator.

Thus, the flow on the suctlon surface is apparently turbulent, but
the pressure surface must be considered also. The pressure-surface
boundary layers were too thin to meke accurate estimates of the shape
(fig. 10(a)). The data of reference L, however, indicate that laminar
flow on a concave surface (the pressure surface) is more unstable than
fiow on a convex surface (the suction surface). Hence, if turbulent flow
occurs on the suctlon surface, the flow on the pressure surface should
also be turbulent.

Suction-surface velocity distributlion. - The suction-surface veloc-
ity distributions for the first stator are shown in figure-iZ2. The dif-
ference between the high and low Reynolds number veloclty distributions
(figs. 12(a) and (b)) results indirectly from the variation of corrected
airflow with Reynolds number. The change 1n corrected alrflow causes a
small change in angle of attack which, in turn, causes the difference in
veloclity distribution. There is, hOWeVei, no indication of laminar sepa-
ration, which is further evidence of predomlinauntly turbulent flow. Ob-
viously, boundary-layer trippers would be of no value on the first-stator

blades.

_ First-stator profile losses. - One measurement of cascade losses 1s
the buildup of boundary-lesyer momentum thickness through a cascade. The
wake momentum thicknesses of two-dimensional compressor cascades were
correlated with a suction-surface diffusion ratio in reference 3 for a
wide range of configurations. The mesn line from the correlation at mid-
range (approximately minimum loss) angle of attack is reproduced from
reference 3 in figure 13. The correlation of reference 3 varies slightly
with angle of attack, but the single correlation line in figure 13 is ac-
curate enough for the purposes of this discussion.

Also shown in figure 13 are the first-stator momentum thicknesses
(calculated from the boundary-layer profiles of filg. 10) for various

L% 4%
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Reynolds numbers.l The first-stator momentum thicknesses vary from about
2.7 to 5.8 times the two-dimensional correlation values for the same dif-
fusion ratios. However, the flrst-stator data were obtained over a wide
range of Reynolds numbers, thus a large amount of {the spread from 2.7 to
5.8 can be attributed to Reynolds number effects. In order to reduce
this spread, the effect of Reynolds number on the boundary-layer thick-
ness must be considered.

The relationship between boundary-layer thickness and Reynolds num-
ber is often expressed as

3 = K(oVox/u)™

where the value of n for turbulent flow at low Reynolds numbers is
usuelly -1/5 (ref. 4).

The one-fifth power relation was used as an approximete correction
for Reynolds number effects. The first-stator data, corrected to the
Reynolds number of the two-dimensional correlation (2.3X105), are shown
by the solid symbols in figure 13. After correction, the first-stator
momentum thicknesses are still 2.6 to 3.4 times the correlation values.
Some of the remaining difference might be explalned in terms of Mach num-
ber and extent of laminar flow, as the cascade correlation data were ob-
tained at low Mach numbers in low-turbulence duct tests. However, a
factor of about two is stilll left unexplained.

Although the first-stator instrumentation was not complete enough
to draw accurate quantitative-conclusions, 1t is evident that the first-
stator midspan losses were substantially greater than the two-dimenslonsl
cascade losses. A possible cause of the high losses on the first stator
was the presence of blade wakes from the preceding blade row. A 20- to
30-percent deficit in wake velocity corresponds to a 10° to 20° change
in angle of attack at the entrance of a blade row. Thus, the impingement
of first-rotor wakes on the first-stator blade row could cause localized,
intermittent stalling, with the boundary-leyer instrumentation indicating
some mean flow comndition. OFf course, separating the blade rows by a
longer mixing length would decrease the wakes, but the turbulence level
would also decrease so that laminar separstion might occur.

Thus, the midspan flow on the first stator differs markedly from
both the isolated airfoll experience and the inlet-guide-vane data. The
flow was predominantly turbulent even at the lowest Reynolds numbers
investigated. Boundary-layer trippers were not installed on the first
stator because there was no evidence of laminar separation. The magnitude

L7he boundary-layer instrumentation and the downstream suction-
surface static orifice were located at @bout the 8l-percent-chord posi-
tion. Therefore, a chord length of about 1.13 inches was used to calcu-
late Reynolds number and the momentum thickness ratio for figure 13 in-
stead of the actual chord length of about 1.4 inches.

b
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of-the-midspen losses was much greater than two-dimensional cascade
losses, perhaps because of the wakes from the preceding rotor blades.

Over-All Compressor

From the standpolnt of Reynolds number and turbulence level, pre-
dominantly turbulent flow might be expected on all rotors and stators
after the first stator row. As mentioned in the preceding section, the
thlckness of a turbulent boundary layer varies inversely as about the
one-fifth power of Reynolds number. With turbulent flow over the firat
stator and all following blade rows, the loss in this portion of the com-
pressor might therefore he expected to vary inversely as the one-fifth
power of Reynolds number. For & measure of loss, 1 - 11 was used. This
loss parameter 1s plotted against a first-stator Reynolds number in fig-
ure 14(a) for stages 2 to 13. Since, for a given corrected speed and
pressure ratio, all chord Reynolds numbers through the compressor are
approximately proportional ito each other, the particular choice of
Reynolds number Ffor the gbsclssa 1s immsterilal.

As can be seen in figure 14(a), the data agree with the slope from
the turbulent-boundary-layer equation except—at the highest Reynolds
numbers, thus tending to substantiate the assumption of predominantly
turbulent flow on these blade rows. The departure from the slope of
-1/5 at high Reynoclds numbers is attributed to roughneass from elther the
blade manufacturing process or dirt deposits. If data were availsble at
much higher Reynolds numbers for this compressor, a mean line for the
data would be expected to approach a slope of zero. This tentatlive ex-
planation of compressor Reynolds number effects in terms of turbulent-
boundary-layer theory ignores tip and hub flow phenomena. Obviocusly, =
rigorous explanation of Reynolds number effects would require knowledge

of flow in the hub and tip regions.

In the discussion of the inlet guide vanes, it was pointed out that
the first stage contributed only a small portion of the work done by the
complete compressor. Hence, the loss for the complete compressor should
follow a trend simlilar to figure 14(a). The loss for the complete com-
pressor is plotted in figure lé(b). The data again follow the turbulent
slope except at high Reynolds numbers. Unpublished data from other com-
pressor investigations show similar trends to those in figure 13. The
agreement with turbulent-boundary-layer theory indicates that trippers
would be of little value except on the f£irst one or two blade rows.

CONCLUDING REMARKS

The flow on the inlet guide vanes was similar to isolated airfoil
experience in that lamlnar separation and turbulemt reattachment took

5y 4%
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place at low Reynolds numbers. Completely separated flow was cobserved
at the lowest Reynolds number investlgated.

The use of trippers reduced or prevented laminer separation on the
inlet gulde vanes, but the improvement in over-all compressor performance
was small because only one or two blade rows was involved. Also, at
leagt with the tripper configuration used, a small performance penalty
was involved at high Reynolds numbers.

The turbulence level within the compressor caused the midspan flow
of the first stator to be predominantly turbulent even at the lowest
Reynolds numbers investigated. The use of trippers for all blade rows
therefore does not asppear promising.

The first-stator profile losses at the midspan position were sub-
stantially greater then the two-dimensional cascade losses. The high
losses possibly result from the impingement of wakes from the preceding
blade row.

The over-all compressor losses vary inversely as about the one-fifth
power of Reynolds number, except at high Reynolds numbers where surface
roughness apparently tends to reduce the effects of Reynolds number. As a
tentative conclusion then, it appears that turbulent«boundary-layer theo-
ry explalns the variation of compressor efficliency with Reynolds number.
Before this conclusion can be put on a firm basis, a better understanding
of loss mechanisms 1s needed, particularly the nature and importance of
hub and tip losses.

Lewis Flight Propulsion Leboratory
National Advisory Commlttee for Aeronautics
Cleveland, Ohio, April 10, 1857
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~ Boundary-laysr instrumentation on inlet guide vanpes.

Figure 1.
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Figure 2. - Sketch of inlet-guide-vane instrumentation (not
to scale).
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